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Scalable Voltage Control for DC Microgrids:
Robustness to Network Structural Variations

Aimin Wang, Graduate Student Member, IEEE, Minrui Fei, Yang Song, Member, IEEE,
Dajun Du, Member, IEEE, Chen Peng, Senior Member, IEEE, Kang Li, Senior Member, IEEE

Abstract—Frequent plug-in/-out operations result in structural
variations of DC microgrids (DCmGs), posing challenges to
scalable control and often requiring costly redesigns to maintain
stability. To address this issue, this paper proposes a scalable
voltage control strategy for uncertain DCmGs, enabling plug-
and-play functionality without controller redesign or system
reconfiguration. A polytopic uncertain DCmG model is first
formulated to simultaneously capture parameter uncertainties in
distributed generation units (DGUs), power lines, and ZIP (i.e.,
impedance, current, and power) loads. A structured free-weight
matrix technique is then developed to mitigate the adverse effects
of line and load uncertainties on DGUs while yielding a more
tractable linear matrix inequality formulation. The proposed
scalable control method is implemented locally to ensure the
dissipative voltage stability of each DGU, thereby preserving
the dissipativity of the entire network. Numerical simulations
validate the effectiveness of the proposed strategy in achieving
faster convergence and reduced overshoot.

Index Terms—DC microgrids (DCmGs), plug-and-play, poly-
topic uncertainties, scalable control, ZIP loads.

I. INTRODUCTION

HE growing concerns about energy crises and climate
change, combined with the rapid advancement of renew-
able energy source (RES) technologies such as solar, wind,
and fuel cells, have spurred the deployment of microgrids
worldwide [1]-[3]. Microgrids are increasingly recognized as
essential components of modern power systems, serving as
flexible platforms for integrating diverse RESs [4]. Typically,
these systems comprise multiple renewable distributed gener-
ation units (DGUs) that supply power to local loads and are
interconnected via power lines [5]. Compared with AC mi-
crogrids [6], DC microgrids (DCmGs) eliminate the need for
frequency and reactive power regulation, as well as harmonic
compensation [7]. Recent advances in power electronics have
further facilitated the utilization of DCmGs across various
applications, including electric vehicles, avionics, and marine
systems [8].
Despite these technological advantages, DCmGs are sus-
ceptible to voltage instability when subjected to complex load
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conditions, which typically include constant impedance load
(CIL), constant current load (CCL), and constant power load
(CPL) [9]-[11]. To tackle these challenges, numerous control
strategies have been proposed, such as optimal voltage control
for CILs [12], observer-based approaches for CCLs [13],
and advanced nonlinear control methods for CPLs, including
backstepping [14], H, control [15], T-S fuzzy control [16],
and sliding mode control [17]. For DCmG systems subject to
uncertain CPLs, a polytopic robust control approach has been
developed in [18], modeling CPL uncertainties using convex
hull vertices. Nevertheless, most existing studies focus on
CIL, CCL, or CPL individually, lacking a unified framework
capable of simultaneously handling a comprehensive ZIP load
model, which is a parallel combination of the aforementioned
load types. Moreover, current robust control designs typi-
cally address uncertainties in either the load or the DGU
components in isolation. To date, no comprehensive control
strategy has been developed that robustly stabilizes DCmGs
with simultaneous uncertainties in DGUs, power lines, and
ZIP loads, thus revealing a critical gap in the literature.

Scalability is another essential requirement for practical
DCmG control, referring to the ability to design local con-
trollers independently of the global network size or topology.
This feature is especially relevant in scenarios where DGUs
are temporarily unplugged to improve energy efficiency and
reduce operational costs during low-load conditions [19], or
plugged out due to maintenance or faults [20]. Conversely,
additional DGUs may be plugged in during peak load pe-
riods to enhance system support, such as when high-power
equipment (e.g., heavy-duty industrial motors) is connected
[21]. These plug-and-play (PnP) operations, however, lead to
abrupt changes in both network structure and subsystem count.
From an engineering standpoint, each plug-in or plug-out
operation generally requires redesigning the control structure
and reconfiguring the system topology, resulting in substantial
engineering costs and operational complexity due to labor,
downtime, and system recommissioning [22].

To address this issue, various scalable control strategies
have been proposed to enable the seamless integration and
disconnection of DGUs without compromising overall system
stability. For instance, Riverso et al. [23] have introduced
a scalable control method for AC microgrids based on a
separable storage function (SSF) technique, which was later
extended into decentralized scalable control [24] and neural
network-based adaptive control [25] for DCmGs using linear
matrix inequality (LMI) formulations. A passivity-based scal-
able control approach has been developed in [26] for DCmGs



TABLE I
COMPARATIVE ANALYSIS BETWEEN THE CONTRIBUTIONS OF THIS
PAPER AND THE EXISTING RESULTS IN THE LITERATURE

Ref.!  TLZUL?® RIL* ULYRIL® Sca’” ASSF®
121  cLyX X XX X -
[13] ccrLo/X X XX X -
(141 cpLl/X X XX X -
(151  cp/X X XX X -
[t6] CpPL/X X XX X -
(171  cpL/X X XX X -
18]  CPLWV X XiX X -
23] ccuX X V14 v X
24] ccuX X X v X
251 cpL/X X v v X
[26] z1p/ X X X v X
112 zipw/ v v v v

TReferences. >Types of loads. °Uncertain loads.
4Remove impacts of loads. ®Uncertain lines.
6Remove impacts of lines. 7Scalability.

8 Avoid separable storage function.

9Constant impedance load. 9Constant current load.
1 Constant power load. 2This paper.

with ZIP loads, assuming well-posed and skew-symmetric
interconnections. Despite their contributions, existing scalable
control methods face two critical limitations: they typically re-
quire neighboring DGUs to update their controllers in response
to every plug-in or plug-out event, and their reliance on SSFs
with block-diagonal matrix constraints often leads to LMI
infeasibility when system uncertainties are present. Under such
conditions, PnP operations may be constrained, and forced
execution could jeopardize system stability or even lead to
outages. To the best of the authors’ knowledge, a significant
gap still exists in the literature for a scalable control strategy
that ensures robustness against uncertainties in DGUs, power
lines, and ZIP loads, while preserving the original controller
structure and ensuring the admissibility of all plug-in/-out
requests.

Motivated by the aforementioned research gaps, the follow-
ing challenges need to be addressed:

(1) How to formulate a unified DCmG model that captures
multi-source uncertainties from ZIP loads, power lines,
and DGUs?

(2) How to design a scalable controller without relying on
restrictive SSF structures, thereby avoiding the rejection
of PnP operations?

(3) What theoretical stability and performance guarantees
can be provided for the proposed control scheme under
dynamic operating conditions?

To cope with these challenges, this paper presents a scalable
dissipative control scheme for voltage regulation in uncer-
tain DCmGs by developing a structured free-weight matrix
(SFWM) technique. Table I compares the proposed method
with representative existing strategies. It can be clearly seen
that the existing results have primarily focused on SSF-
based scalable control methods, whereas the proposed new
scalable scheme pays its attention to the SFWM technique
with polytopic uncertainties. The main contributions of this
study are summarized as follows:

(1) In contrast to [12]-[18], which address CIL, CCL, or CPL
individually and overlook uncertainties stemming from
DGUs, power lines, and ZIP loads, this paper proposes
a unified uncertain DCmG architecture that simultane-
ously captures parametric uncertainties in DGUs, power
lines, and ZIP loads. The uncertain DCmG dynamics are
represented by a polytopic model, capturing parameter
variations at the vertices of a convex hull.

(2) Unlike conventional SSF-based scalable control schemes
[23]-[26], where the LMI optimization problem may
become infeasible or overly conservative due to block-
diagonal constraints on the Lyapunov matrix, this paper
proposes a scalable voltage control strategy leveraging
an SFWM technique. The SFWM relaxes the constraints
induced by SSFs and eliminates cross-product terms
between uncertain system matrices and storage functions.
This results in a more tractable and less conservative LMI
formulation, ensuring that all plug-in/-out requests for
DGUs are always admissible.

(3) The proposed scalable control method is locally imple-
mented based solely on DGU parameters and is inde-
pendent of power lines, ZIP loads, or adjacent DGUs.
Therefore, the plugging in or out of a DGU only leads
to an augmentation or reduction of a local set of LMI
conditions. During the PnP process, the method ensures
dissipative stability while preserving the original control
structure and avoiding network reconfiguration. Addition-
ally, simulation results under varying conditions verify
the proposed method’s superior performance in terms of
faster convergence speed and reduced voltage overshoot
compared with existing approaches [24] and [25].

The structure of this paper is as follows. Section II develops
a unified uncertain model for DCmGs, capturing parametric
uncertainties in DGUs, power lines, and ZIP loads through a
polytopic representation. Section III presents the decentralized
dissipativity analysis and scalable controller design. Section IV
demonstrates the effectiveness and superiority of the proposed
control scheme through numerical simulations. Finally, Sec-
tion V concludes the paper and discusses potential directions
for future research.

Notations: The set of all real matrices of size m X n is
denoted by R™*™, with null matrices represented by 0"*".
The identity matrix of appropriate dimension is denoted by I.
The vector 1, € R¢ denotes a column vector with all entries
equal to 1. A matrix W € R"*" is said to be negative definite
(or positive definite) if W < 0 (or W > 0). The parameters
© and ¢ denote the maximum and minimum values of the
variable ¢, respectively. The symbol * denotes the symmetric
part of a symmetric matrix. The operator diag{-} constructs a
diagonal matrix by placing the elements of a vector along its
main diagonal. The superscript ()T denotes the transpose of
a matrix or vector.

II. SYSTEM MODELING OF DCMGS WITH ZIP LOADS

Graph Theory: The system information flow is modeled as
an undirected graph G = (V, &, A), where V = {1,2,....,n}
represents the set of nodes, £ C V x )V denotes the edge set,
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Fig. 1. Overall framework of the proposed scalable voltage control for uncertain DCmGs interconnected via power lines under dynamic plug-in/-out scenarios.

TABLE II
ELECTRICAL PARAMETERS OF A DCMG SUBSYSTEM

Parameters Electrical meanings
U;, Uy Voltage signal at the PCC ¢ and its reference
I; Filter current in DGU 1%
U; Local integrator state
Uj Control signal to converter @
R;; Impedance of power lines

J
Ry, Ly Crg
Ry, 1y, Py

Impedance, inductance, and capacitance of the filter
Impedance, current, and power demand of ZIP loads

and A = [a;;] € R™*" is the associated adjacency matrix. For
each node 7 € V, the self-loop condition a;; = 0 implies no
self-information flow. A directed edge (j,7) € & is assigned
a weight a;;, where a;; > 0 if the edge exists, and a;; = 0
otherwise. The neighborhood of node i is denoted by .#;. The
in-degree matrix D is a diagonal matrix with entries d; =
> je.x @ij- The Laplacian matrix is defined as £ =D — A.

A. Local Subsystem Model of DCmG

As illustrated in the lower dashed block of Fig. 1, each
DCmG subsystem corresponds to a node in the graph and
comprises a local controller, a ZIP load, and a DGU. Specifi-
cally, each DGU integrates a RES, a series RLC filter, and
a power converter. The power converter functions as the
interface between the DGU and its local controller, while
simultaneously regulating the power delivered to the load at
the point of common coupling (PCC). These subsystems are
interconnected via power lines, which are interpreted as graph
edges and serve as the sole medium for both power transfer
and implicit communication. The power lines are modeled
using the quasi-stationary line approximation [25].

By applying Kirchhoff’s voltage and current laws to Fig. 1,
the local subsystem dynamics can be derived as

. 1
Ui = 711’ + (U Uz) Ilz(Uz)
sz e Rijcfz / sz
. Ry; 1 1 (D
Li=——1— —U+ —u;
Ly; Ly; * szu
Ui =Uy — Ui

where the electrical parameters are detailed in Table II. Fur-
ther, utilizing the ZIP load equivalent representation intro-
duced in [26], the load current can be expressed as

1 Plz 2Plz
1,;,(U;) = U; + Ij; . 2
l( ) (Rll U2> + Z+Um' ()

Substituting (2) into the subsystem dynamics (1) yields the
resulting local dynamics of DCmGs:

: Py 1
U, = I — | U;
Cr; * (sz Rlini)
1 2P,
I; + ) —(U; = Us)
Ctz ( Ui je szcfz 3)
. Rfl 1
I = U
Lﬁ sz ™ sz
U = Uy — Us.

The above dynamics can be reformulated into the following
linear time-invariant (LTI) state-space representation:

Bi(t) = Asiwi(t )+B'uz‘( )+E'wz‘( )

"l‘Alzxz Z A” l‘J
JEN;

—z(t)

Yi (t) = szz (t)



where x; = [U;, I;, %] is the state vector of subsystem i,
and x; represents the neighbor state for ¢ € V,j € 4.
Moreover, y; denotes the measured output and wu; is the
control action to the power converter. w; = [I;;, 3 2B, U] *
denotes external disturbances. The term Aj;x;(t) captures the
load-related effects, while >, - A;;(z;(t) —z:(t)) accounts
for the coupling induced by power lines. Since all electrical
parameters are constant, the resulting system matrices are
time-invariant, which are given by

r 1 : 1
0 Cyg EO Ri;Chi 0:0
Ai=| 21 —F% 0|, Ag=| 0 100/,
| -1 0 {0 0 0:0
- Py 1
qulU2 RiiCr 0 (1)
Ay = 0 0:0 |, Bi=1| z; |-
L 0 0:0 0
r 1 1
Cu. i Cu 0
E; = 0 0 0f(,D;=1
| O 0 1

B. Polytopic Uncertain DCmG Model

In practical DCmGs, the electrical parameters of DGUs,
power lines, and ZIP loads are subject to uncertainty due
to internal factors like over-voltages and overheating, as well
as external influences including bonding wire disruptions and
hot carrier injection [27]. These uncertainties can be reason-
ably bounded based on empirical measurements, historical
data, and industry standards. Moreover, utilities and operators
continuously monitor these parameter variations in real time,
establishing and updating uncertainty intervals accordingly
[18]. This operational monitoring supports the assumption that
system parameters remain within predefined bounds under
normal conditions.

Specifically, system parameters are assumed to vary within
known bounds, e.g., 0 < R;; < Ry; < Ry;, and similarly for
power lines and ZIP loads. Inspired by polytopic uncertainty
modeling techniques [28], the system matrices A;;, A;;, and
Ay; are assumed to lie in a convex polytopic set defined by
the vertices corresponding to the extreme parameter values as

G
[Aii, Aijy AuleS = {Zek =1, 0, 20,
=L 5)
[453(0), Asj (0), Au(9)) = > Ok [AF;, Af;, AL }
k=1
where
0 C}h kl 01><2
ko_ R k _ | RECq |
A — i 0], Ay [Oéxi """ 02><21 ’
S VR
Pi 1 igix2
Afi — | CwUZ ~ RECy i ,
02><1 02><2
and the polytopic uncertainties Rf;, Ry;, I, P}, and R} (k =

1,2,...,G) denote DGU, ZIP load and power line related
parameters within the specified intervals.

It should be noted that, in rare situations where load
parameters exceed the defined bounds, such as due to device
malfunctions or sudden large CPLs (a part of ZIP loads),
these anomalies are typically identified and handled by higher-
level protection and emergency management systems, (e.g.,
circuit breakers). Within the defined uncertainty set relevant to
normal operation, however, the relative influence of different
factors is not uniform. Variations in CPLs represent the most
critical source of instability owing to their nonlinear and
negative impedance characteristics, whereas line parameter
uncertainties exert a moderate impact that is effectively mit-
igated by the proposed method. In contrast, uncertainties in
filter resistance play only a minor role, as they primarily
affect damping. This analysis underscores the importance of
developing scalable control strategies that directly address the
dominant destabilizing mechanisms in DCmGs.

Therefore, a polytopic uncertain DCmG model can be
formulated as follows:

i(t) = (Au(0) +
T, : + Fw;(t) +

Aii(0)) () + Byu(t)
D A(0) (2 (t) — (1)) 6)

JEN;
yi(t)

Remark 1: The resulting polytopic uncertain model T;
(6) captures a continuum of potential equilibria induced by
bounded electrical parameter uncertainties within the defined
polytopic set S. To strike a balance between robustness and
computational efficiency, the DGU uncertainty is primarily
modeled in the filter resistance Ry;, due to its sensitivity
to environmental variations and its critical role in system
damping. Although L¢; and Cy; are also subject to aging, their
degradation occurs on a much slower time scale compared to
the control dynamics studied here. In particular, a reduction of
up to 20% in capacitance is commonly regarded as the end-
of-life threshold. Such long-term variations are continuously
monitored by utilities in practice, and aged capacitors are
typically replaced before exceeding allowable limits [29].
Therefore, within the expected operational horizon, Ly and
Cy; can be reasonably assumed constant, whereas Ry; captures
the dominant and faster-varying uncertainty. This modeling
choice is consistent with established practices in robust control
design for microgrids [18], [30], while preserving analytical
tractability and ensuring robust performance over all admissi-
ble parameter variations.

Similar to work [21], the pair of system matrices
(A;;(0), B;) is controllable. Therefore, the controller of in-
terest is designed as

ui(t) = K;xi(t) (7N

where K; = [Ky;, Ky, K3;] represents the multivariable
proportional-integral controller gain.

Remark 2: Control strategies in DCmGs can be character-
ized from two complementary dimensions: hierarchical control
levels and communication architecture [31]. From a hierarchi-
cal perspective, primary control is responsible for fast local
voltage regulation, secondary control achieves current and
power sharing, and tertiary control addresses optimization and



A11(0) + A (6) + Aaa (0) A12(0) s A1n(0)
A (0) A22(0) + Ai2(0) + Aa2(0) - - - Aan (0
A(9) = . . ) . ,

B = diag {B1,Ba, ...,B,}, D =diag{D1, Ds,...,D,} ,E = diag {E1, Es, ..., En} , K = diag {K1, Ko, ..., K}
grid coordination. Meanwhile, based on the communication where -
structure, centralized control relies on a global controller and x(t) = [x{(t), 2 (t), ... ,xf(t)] ,
full-system communication, but suffers from poor scalability T T 7,17

t) = t t),... t
and vulnerability to single-point failures. Distributed control w(t) = [wi (1), w5 (1), .-, wn )T] ’
improves flexibility by enabling local coordination via commu- y(t) = [yf(t), sz (). ’y;r (t)] )

nication links, yet still faces challenges such as time delays,
cyber risks, and privacy concerns. In contrast, the proposed
fully decentralized control operates entirely without communi-
cation: each DGU calculates its local control input u;(¢) using
only its own electrical parameters and state measurements.
Specifically, this decentralized approach offers several notable
advantages [8], [32]:

(1) Scalability: The decentralized design enables subsystems
to be plugged in or out with minimal changes to the local
controller structure and parameters, or even without any
change, while preserving system stability.

(2) Resilience: The absence of communication dependencies
enhances robustness to delays and cyber-attacks.

(3) Redundancy: The architecture inherently provides re-
dundancy for load power supplies, ensuring continued
operation even in the absence of a centralized system.

(4) Simplicity: The fully local control structure facilitates
implementation, making the approach practical for large-
scale DCmGs.

Remark 3: Note that droop control is a widely used
primary-level approach to achieve proportional power sharing
among DGUs without requiring communication via virtual
impedance [33], [34]. However, droop-based methods involve
several trade-offs: they inherently compromise voltage regu-
lation accuracy, require careful selection and tuning of droop
coefficients and virtual impedance values [31], and substan-
tially increase the complexity of LMI-based stability analysis
when combined with polytopic uncertainty models. Moreover,
as discussed in [24], the stability of droop controllers is
generally guaranteed only for specific microgrid topologies
or when supplemented by networked secondary controllers,
which limits scalability. In contrast, the proposed decentralized
dissipative control ensures robust voltage stabilization under
PnP operations entirely without communication among DGUs.

C. Global DCmGs Consisting of n DGUs

As shown in the upper frame of Fig. 1, a global DCmGs
denoted as T,, can be comprised of n subsystems T;, which
are interconnected in a decentralized manner via power lines.
The collective global DCmGs model is given by

. { i(t) = (A(0) + BK) z(t) + Ew(t)

y(t) = Da(t) ®

and system matrices are listed at the top of this page.

Note that the system matrix A(f) in (8) includes the
dynamics of DGUs, power lines, and ZIP loads. Based on
its structural properties, it can be decomposed as follows:

A(0) = A,(0) + A1(0) + Au(0) + Au(0) ()

where the matrix A, (6) = diag{A11(0), A22(0), ..., Ann(0)}
exclusively captures the DGU dynamics without account-
ing for lines and loads. A;(0) = diag{A;1, Aia,..., A}
only collects the polytopic uncertain information related
to ZIP loads. Both components Ag(f) and A,(f) denote
the polytopic uncertain power lines. Specifically, A4(0) =
diag {A41(0), Ag2(0), ..., Agn(6)} considers the dependency
of each local state on the neighboring DGUs, with each block

G
Agi(0) = Y 0x A%, where
k=1

- Z kl ) 01X2
Ak = | e (10)
02><1 02><2

Moreover, A, () encompasses the impact of line couplings,
comprising zero blocks on the diagonal and blocks A;;(6) on
the off-diagonal.

Then, the following lemmas and definition are presented,
which are fundamental for the stability analysis and controller
design in this paper.

Lemma 1 [35]: The Laplacian matrix is symmetric and
positive semidefinite.

Proof: Based on Graph Theory in [35], the Laplacian matrix
is defined as £L = D — A. Here, D is the diagonal degree
matrix, which means it is symmetric, while A is the adjacency
matrix, which is symmetric because the graph G is undirected.
Since both D and A4 are symmetric, their difference L is also
symmetric.

Furthermore, the Laplacian matrix can be expressed as £ =
FFT, where F is the vertex-edge incidence matrix of the
graph G. For any real vector p € R", the following holds:

2
o Lp=p'FFTp = ||FTpH >0.
The above quadratic form can be expanded explicitly as
pTLp =Y aij(pi—p;)* =0
(i.5)e€
which is a sum of squares and thus non-negative for all

p € R™. It can be concluded that £ is positive semidefinite.
Therefore, £ is symmetric and positive semidefinite, which



concludes the proof.

Definition 1 [36]: The resulting system T,; is said to be
dissipative if there exists a non-negative storage function
Vi(x;(t)), analogous to a Lyapunov function, such that for
all t >ty > 0, the following inequality holds:

t

Fi(yi(T), wi(7))dT

to

Vilai (1)) — Vilai(to) <

where x;(tg) represents the system’s initial state and
Fi(yi(t), w;(t)) denotes the energy supply rate. Moreover, the
system T, is guaranteed to exhibit QSR-dissipativity if it is
dissipative with respect to the following energy supply rate:

Z (yi(1),wi (1)) = i (T)Qawi(T) + 2y (7)Siw;(7)
+ w] (7) Riw; (1)

where (Q;, S;, and R; are appropriately dimensioned real
matrices that define the dissipativity properties.

II1. PROBLEM FORMULATION

This section formulates the problem of dissipative stability
analysis and scalable controller design for nonlinear DCmGs
under PnP operations.

Lemma 2 (Centralized Dissipativity Analysis): Given a
positive definite matrix ¢ = diag {1, ¢, ..., o, }, the global
DCmG system T,,, incorporating uncertain DGUs, power lines
and ZIP loads, is QSR-dissipative if there exist matrices
K., S, M, symmetric matrices Q, R, and a positive definite
matrix P(6) such that the following LMI condition holds:

>-Q o ME - S
®(0) = * —-p(M +MT) ¢ME <0
* * -R
(11)

where

®=MAW) +AT(O)M” + MBK + KTB"M",
®=pAT(O)M” + P(O) — M+ ¢pK"B"M",

M = diag {My, Ms,...,M,},Q = diag {Q1,Q2,...,Qn},
S = diag {51, S2,..., 5.}, R=diag{Ry,Rs,...,R,},
P(0) = diag{IP1(0),P2(0),...,P,(0)},

G
Pi(0) = 0xPF, P} > 0.
k=1

Proof: Choose a polytopic parameter-dependent storage
function as V(z(t)) = Y1, Vi(zi(t)) = T (t)P(0)x(t).
Differentiating along the trajectories of T,, yields: V (x(t)) =
22T (t)P(0)x(t).

By utilizing the general free-weight matrix technique [28],
there exist matrices M and ¢ such that

2 =2[z"(t)+ ¢p&(t)] MN =0

where N = (A(0) + BK)x(t) + Ew(t) — &(¢).
For any bounded non-zero disturbance w(t), the perfor-
mance criterion is defined as

o= [5][2 2] 1%

12)

} dt.  (13)

Under zero initial conditions, it follows that
7 =Vialr) -3 = [ {V®)+ 2 - 0Qul)
0

—2yT(1)Sw(t) — wT(t)Rw(t)}dt

- [ {eweeem}a
’ (14)
where £(t) = [@7(t), 27 (1), w” (t)] .

Since ®(0) < 0in (11), it follows directly that J* < 0, con-
firming the QSR-dissipativity of the system T,, (8) according
to Definition 1. This completes the proof.

Remark 4: Lemma 2 establishes a QSR-dissipativity con-
dition for the global DCmG systems T,,, incorporating infor-
mation of DGUs, power lines, and ZIP loads. The general
free-weight matrix technique (12) is employed using a fully
parameterized matrix M and a user-defined tuning coefficient
¢. This approach avoids product terms between the polytopic
uncertainty matrix A(6) and the parameter-dependent storage
function matrix P(#), significantly simplifying the stability
condition. However, it lacks scalability for PnP operations, as
the number of DGUs and the associated line couplings can
change dynamically when DGUs are added or removed.

According to (9), ®(6) given in Lemma 2 can be decom-
posed into three parts as follows:

P(0) = 24(0) + Raa(f) + 21(6) (15)
where
'/1;1; - Q P, ME—S
®O)=| «  —pM+MT) ¢ME | (16
* * _R
&\)ad ¢A£(9)MT + (j)AZ; (Q)MT 03n><3n
<I>ad(9) = x 03n><3n 03n><3n
* 03n><3n
(16b)
MA,; (9) + A;T(O)MT d)AlTMT Q3nx3n
‘i’l(e) = * 03n><3n 03n><3n
* 03n><3n
(16¢)
with

®,=MA,0)+ATO)MT + MBK + K"B"MT,
&, =pAT(O)M” + P()) — M + K" B"M”,
@i = MA,(0) + MA40) + AT(O)MT + AT(O)M™.

Specifically, (16a) exclusively captures the dissipativity of
DGUs. Both (16b) and (16¢c) denote the negative effects of
power lines and ZIP loads on the dissipativity condition (11).

The dissipativity condition (11) relies on the global infor-
mation about DGUs, ZIP loads, and power lines. In practice,
PnP operations frequently alter both the number of DGUs
and the coupling of power lines, which substantially increases
computational complexity and risks transient voltage fluctua-
tions. Therefore, it is essential to develop a scalable approach
for stability analysis and controller design that can operate
in conjunction with the PnP functionality. In this context, the
problems considered in this paper are as follows:

1) Decentralized dissipativity analysis: Reformulate the cen-



tralized dissipativity condition in Lemma 2 into decen-
tralized conditions at the individual DGU level, indepen-
dently of the adverse effects stemming from uncertain
power lines and ZIP loads.

2) Scalable controller design: Develop a local controller
synthesis method requiring only DGU-specific param-
eters, without reliance on line coupling or ZIP load
information.

3) Seamless PnP operations: Guarantee seamless PnP op-
erations such that the addition or removal of a DGU
does not necessitate controller re-design or grid recon-
figuration, while maintaining the global dissipativity of
the DCmG system.

IV. DECENTRALIZED DISSIPATIVITY ANALYSIS AND
SCALABLE CONTROLLER DESIGN FOR DCMGS

This section first examines the decentralized QSR-
dissipativity of local DCmGs T; (6), and then presents a
localized approach to scalable controller design based on DGU
dynamics.

To enable a fully decentralized-based scalable design based
solely on local DGU information, it is essential to eliminate
the negative effects introduced by power lines and ZIP loads.
Once these adverse influences are mitigated, the dissipativity
of the global DCmG system can be ensured by satisfying only
the local dissipativity conditions of individual DGUs. To this
end, the following assumption is introduced.

Assumption 1 (SFWM technique): Each block M, of the
free-weight matrix M in (12) is assumed to adopt the follow-
ing fixed structure:

a7)

where $3; is a positive scalar, and M}? € R'*2 M?? € R?*2
are arbitrary real matrices.

Under the proposed SFWM technique, the decentralized
dissipativity analysis for global DCmGs T,, is outlined below.

A. Decentralized Dissipativity Analysis of Local DCmGs

Theorem 1: Given a positive scalar ¢; and a load condition
Pk <UZ/RF,k=1,2,...,G, the global DCmG system T,,
with uncertainties is QSR-dissipative if there exist suitable ma-
trices K;,.S;, symmetric matrices Q;, R;, a structured matrix
M; satisfying format (17), and a positive definite matrix P¥

such that the following LMI condition holds:

I - Q 1T M;E; — 8;
(18)

where
f[f = MlAfz + AﬁTMf + M;Bi K + KiTBiTM"’T’
M} = ¢ AT M + PF — M; + ¢ K] B M.

Proof: Firstly, the convex combination of the conditions
given in Theorem 1 leads to the following condition:

3,(0) — Q; d,(6) M;E; — S;
* —¢i(M; + MT) ¢ M;E; | <0 (19)
* * _Ri
where

®;(0) = M; Ayi(0) + AL(O)M] + M;B; K, + K] B] M,
®,(0) = g ALO)MF +P;(0) — M; + ¢; KT B M}

Further, by consolidating the above condition (19), it can be
obtained that from ®,(6) in (16a) that

P, <0 (20)

which exclusively accounts for the DGU model.

Then, combining matrices A’;i given in (10) and M; de-
fined in (17), the product term M A4(6) (or AT(9)MT)
in (16b) is also block diagonal, with each block M;A4;(60)
(or AT (9)MT") given by

G
-3 P i olx2
M;Agi(0) = AL ()M kgl kan;V R
02><1 02><2
' 21

Moreover, each block at position (,7) in the product term
MA,(9) (or AT(9)M™) in (16b) corresponds to the multi-
plication M;A;;(0) (or AT;(0)M;) if j € A7; otherwise, the
block at that position is zero. By direct calculation with A;;(6)
and M;, it can be obtained that

& 3 5 1x2
O =P | 01X
k§1 R G

; 02Z%2

M;Ay(0) = ALO)M] =

f . (22)

02><1

From (21) and (22), it is evident that only the position
(1,1) elements are nonzero, with all other entries being
zero. Consequently, the positive/negative definiteness of the
3n x 3n matrix represented by the term M A4(0)+ M A,(0)
(or AT(O)M™ + AT (0)M™) can be equivalently assessed by
considering the following n X n matrix:

.@11 3712 <5Z{1n

N oly1 Do o,

L= ) ) } (23)
~anl ~an2 g'rm

which is derived by eliminating the last two rows and columns
from each block in (21) and (22). Specifically, it can be
expressed as

L=D+A 24)
where N
D= diag{@lh @22, ey an} s
0 52712 52{171
oy 0 e ahy
.A = . . . . )
dnl an e 0



k=1 gen Y
B
0y, ifieV,jen
A = ; R},Cyi” ’ '
0, otherwise.

By examining the structure of the matrix D, it is clear that
—D aligns with the definition of the in-degree matrix D in
graph theory. Similarly, the structure of A corresponds to the
definition of the adjacency matrix. Thus, —£ can be interpreted
as a Laplacian matrix. According to Lemma 1, £ is symmetric
and negative semidefinite, i.e.,

L£L<0. (25)

By setting the tuning coefficient ¢; close to zero [23], [24], it
follows from (16b) that

®,4(0) <O0. (26)

Similarly, remanding the matrices A;;(6) and M;, it
can be demonstrated that the product term M A;(6)
(or AT(9)MT) in (16c) is block diagonal. Each block
M; Ay (0) (or Ay (0)MT) is represented as

e

G ko
_Bi 1 By igix2
M; Au(8) = AL (O)M] = Cii k; On(zg —54) | O

02%1 X

@
Evidently, matrix above has only one nonzero value located at
(1,1), with all other positions filled with zeros. Define matrix

Gload 1s constructed as a collection of nonzero value, yielding

Gioad = diag {G11,Gi2, ..., Gin } (28)

G k
where Gj; = —gf > 91@(5%5 - 1;12‘) Given 8; > 0, Cy; > 0,
= ; e

and the load condition Pl < UZ2/RE, it follows that Gieaa < 0.

By setting the tuning coefficient ¢; close to zero, one has
®,(0) <0. (29)

Finally, based on (29), (26), and (20), it follows that ®(6) =
®,(0) + ®,(0) + ®,4(0) < 0. The proof is completed.

Remark 5: The SSF method [23]-[26] eliminates the ad-
verse effects of power line couplings, but often results in con-
servatism and high computational complexity due to the block-
diagonal constraints on the storage matrix and the presence
of product terms between A(f) and P(#). To overcome these
limitations, a SFWM approach is proposed, where the structure
matrix M; is defined in (17), and the scalar ¢; acts as a user-
defined tuning parameter. By setting ¢; sufficiently close to
zero [23], [24], the influence of line couplings (i.e., @,4(6))
and ZIP loads (i.e., ®;(0)) can be significantly suppressed,
thus simplifying the associated LMI constraints. Furthermore,
the scalability of the proposed method is not highly sensitive
to the exact numerical values within M;, provided its block
structure is preserved.

Remark 6: Traditional stability analysis techniques, such
as input-to-state stability (ISS) analysis [37], provide rig-
orous tools for assessing DCmG stability. However, their

direct application to large-scale DCmGs with frequent PnP
operations, polytopic uncertainties in DGUs, and ZIP loads
may result in conservative or numerically intractable LMI
conditions. Lyapunov-based dissipativity theory offers distinct
advantages in this context. First, it inherently exploits the
compositional structure of DCmGs by characterizing the en-
ergy exchange of each DGU and guaranteeing global stability
through their interconnection, thereby ensuring scalability to
large networks. Second, dissipativity introduces supply rates
as additional design variables, which, when integrated with the
SFWM approach (see Assumption 1), alleviate conservatism
and enhance the feasibility of SSF-based control design [23]-
[26]. Consequently, dissipativity provides a systematic and
computationally efficient framework well suited for uncertain
and dynamically reconfigurable DCmGs.

Due to the complexity of condition (18) in Theorem 1,
it is not feasible to directly parameterize the controller gain
K; using the results of Theorem 1. This limitation motivates
the derivation of an alternative approach, as outlined in the
following theorem.

B. Scalable Controller Design

Theorem 2: Given a positive scalar ¢; and a load condition
Pl’j < Ufi/Rfi, k=1,2,...,G, local subsystem T; is QSR-
dissipative if there exist positive scalars (;, d;, suitable matrices
X;, S;, symmetric matrices Q;, R;, a structured matrix );, and
a positive definite matrix P¥ such that the following local

conditions hold:

LYoy = EYi—S;
* -6 Vi + V) 6B <0 (30)
% * =R
—GI Xt
{ . 1< 0 (31)
4 AN |
Vit Yi S>>0 (32)
* A
2
where
== AbY + VT AT 4 Bix; + XT BT,
EF = oVl AT + X7 B + PF - ;.
Then, the controller gain K; can be parameterized as
K =X, (33)
and is subject to the norm constraint
[1Killy < Gidi- (34
Proof: First, we denote
Q; = ViQiVi, 8 = ViSiVi, Ri = ViR Vi,
Pl = VPl Vi, Xi = K Vi, VI M; = 1.
According to YT M; =1 and Eq. 17, one has
B_ 01><2 :|
N O N M 35
Vi { Yori | Vaoi %)

where 3, = 3;! is a positive scalar, Vo1; = M, € R?*!
and YVoo; = M2_2T € R?*2 denote the arbitrary matrices.

%



Then, by introducing the block diagonal matrix %; =
diag {V;, Vi, Vi }, we perform pre-multiplication by % and
post-multiplication by %; on (18). This manipulation directly
yields the LMI-based condition (30).

Finally, to prevent |||, from being so large that it
adversely affects the performance of DCmGs, the following
constraints are taken into account:

[ Xills < Gi (36)

and
97, < 51

By using Schur complement to the above constraints (36) and
(37), LMI conditions (31) and (32) are derived. This completes
the proof.

To facilitate the implementation of the proposed control
method, Algorithm 1 outlines the step-by-step procedure for
designing scalable dissipative voltage controllers.

(37

Algorithm 1 Procedure for Designing Scalable Dissipative

Voltage Controllers

Input: The polytopic uncertain subsystem T; (6) incorporat-
ing uncertain power lines and ZIP loads.

Output: Scalable dissipative voltage controller gain K.

1: Specify filter parameters Rﬁ Ly;, and C¥;, and derive the
system matrices A%, B;, and E; for the polytopic local
subsystem T;.

2: Identify the decision variables in LMIs in Theorem 2,
including Q;, S;, Ri, Xi, PF, and the structured matrix
Y; conforming to (35). Solve LMIs (30), (31), and (32)
using YALMIP to obtain matrices X; and ;.

3: If the solution in the previous step is feasible, compute
the gain K; as K; = X;); ! based on (33).

Remark 7: The LMI conditions (30), (31), and (32) in
Theorem 2 rely only on their local parameters, independent of
power lines, ZIP loads, and other subsystems. The constrained
parameters (; in (31) and d; in (32) restrict the 2-norm
of the controller gain to prevent excessive aggressiveness.
Notably, local controllers are computed using the interface
YALMIP in MATLAB [38] and semidefinite programming
(SDP) solvers such as MOSEK [39] and SDPT3 [40]. Unlike
previous methods [23]-[26], where numerical infeasibility of
LMIs might impede PnP operations, the proposed approach
enhances the solvability of the controller design and enables
scalability for PnP operations. Since the number of vertices G
grows linearly with the number of uncertain parameters, and
each LMI is checked independently at the vertex level, the
computational complexity increases moderately and remains
manageable for practical applications.

Remark 8: Note that the plug-in or plug-out operation
of a DGU merely results in the augmentation or reduction
of the corresponding set of LMI conditions given in (30)-
(32), without necessitating any modifications to the existing
controllers or reconfiguration of the network. This inherent
scalability ensures full compliance with privacy constraints,
rendering the proposed method well-suited for energy markets
characterized by heterogeneous DGU ownership. Importantly,

stakeholders are not required to reveal internal system models
or modify existing configurations when incorporating new
DGUs into the microgrid.

Remark 9 (Seamless PnP Operations): Consider an in-
terconnected dissipative DCmG T,, equipped with scalable
controllers K = diag{K;, Ko,...,K,}, where the local
controllers K; designed using Algorithm 1, When a new
system T,; is integrated into T,, the resulting system,
denoted as T, £ T,,|T,+1, retains dissipativity provided
that the local controller K, is derived through Algorithm
1. This ensures seamless integration without disrupting the
dissipative properties of the network. Furthermore, the dis-
connection of a subsystem is straightforward and smooth,
as it does not necessitate adjustments to the controllers of
the remaining units. Specifically, for the system T,, governed
by scalable controllers K, the direct removal of an existing
subsystem results in the reduced system T,_; £ T, |T)—1.
The dissipativity of T,,_; is preserved, as the local controller
K,,_; relies solely on the individual DGU model, ensuring
stability without additional modifications.

V. SIMULATION RESULTS

In this section, the effectiveness of the proposed method
is validated through realistic computer-based simulations con-
ducted with the Specialized Power Systems Toolbox of
Simulink, which also serves as the platform for analysing
quantitative performance metrics such as convergence speed
and overshoot. As illustrated in Fig. 2, the considered DCmG
topology consists of six DGUs, each interfaced through a
bidirectional buck converter modeled using nonideal IGBT
switches operating at 15kHz. The parameters of the RLC filters
and the voltage reference values are listed in Table III [24]-
[26]. For all DGUs, the user-defined tuning coefficient ¢; is
set to 1073, ensuring both LMI feasibility and acceptable tran-
sient performance. In addition, ZIP loads are introduced with
polytopic uncertainties in the constant impedance components,
specifically: Rfl = 4.5+ 19, le2 =3+1Q, leg =4+1Q,
RFy = 2+1Q0, RE, = 3+£1Q, and RY, = 4+ 1Q. The
constant power components are given as: Pl’j = 300 £ 100W,
P =400 + 100W, Pk = 300 + 100W, P, = 600 & 200W,
Pl = 400 £ 100W, and Pf = 450 & 100W, for all k = 1,2.
These load configurations satisfy the condition P¥ < UZ2/RF.

TABLE III
ELECTRICAL PARAMETERS FOR DGU i, ¢ = {1,2,...,6}
DGU i Ry(2) LgmH) CymF) U:(V)
1 0.2 1.8 2.2 47
2 0.3 2.0 1.9 48
3 0.1 2.2 1.7 45
4 0.5 3.0 2.5 50
5 0.4 1.2 2.0 46
6 0.6 2.5 3.0 49

Using the specified parameters, the local controller gains
K; for i = 1,2,...,6 are derived using YALMIP as an
interface and SDP solver MOSEK through Algorithm 1, with
the computed values presented in Table I'V.
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Fig. 2. Topology structure of the considered DCmGs.

TABLE IV

LocAL CONTROLLER GAIN K; OF DGU ¢

DGU ¢ Local controller gain Kj;
1 [—0.5306 ~0.1908 63.0217]
> [-oa4085 —01579 62.1556]
3 |-18504 05901 808302
4 [_1.2105 ~0.2853 9&0179]
s [-01863 —0.1006 81.0038]
6 [-26004 01895 89.0185]

A. Case 1: Open-Loop Performance Without Controller

To rigorously demonstrate the necessity of the proposed
control strategy, this subsection investigates the open-loop
voltage tracking performance, characterized by the voltage
deviation U,; — U;.

As illustrated in Fig. 3, in the absence of any control
mechanism, the DCmG system exhibits substantial voltage
fluctuations and sustained oscillations. Prior studies, such
as [21], report that power semiconductor devices, including
IGBTs and MOSFETs employed in power converters, are
considered the most failure-prone components by approxi-
mately 34% of manufacturers. Therefore, such severe voltage
deviations can impose excessive electrical and thermal stress
on these components, thereby increasing the risk of device
failure and compromising the DCmG reliability.

These results highlight the critical need for an advanced
control framework capable of mitigating the adverse effects
of PnP operations involving DGUs with ZIP loads. The
subsequent case studies further validate the effectiveness of the
proposed strategy in enhancing voltage regulation and ensuring
robust system performance.

B. Case 2: Scalability During Plugging-in/-out Operations

This case evaluates the scalability of the proposed control
method in response to network structural variations during PnP
operations of DGUs.
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Fig. 3. Open-loop performance of voltage tracking U;; — U; at PCCs.
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(b) Control input w; of DGUs.

Fig. 4. Scalability performance of the proposed control scheme to PnP
operations, with the connection of DGU 6 at ¢ = 1.0 s and disconnection of
DGU 5att=1.5s.

At t = 0s, all interconnecting power lines are disconnected,
isolating DGUs 1-6 and preventing power exchange. In this
configuration, each DGU independently maintains its PCC
voltage at the desired reference value U,;, demonstrating
autonomous voltage regulation. At ¢ = 0.5 s, DGUs 1-5 are
interconnected to form the microgrid topology T5, while DGU
6 remains isolated. Subsequently, at ¢ = 1.0 s, DGU 6 is
suddenly plugged into the network, and at t = 1.5 s, DGU
5 is abruptly disconnected. As illustrated in Fig. 4(a), only
small voltage deviations (i.e., minimal overshoot) are observed
during these operations, and the system quickly regains sta-
bility, indicating fast convergence. Fig. 4(b) further confirms
the scalability and robustness of the proposed controller, as
the control inputs u; remain stable and uniformly bounded
throughout these dynamic transitions. The specific quantitative
analysis is deferred to Case 5 for comparative evaluation.

Note that at ¢ = 0.5 s, the voltage tracking of DGU 6
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Fig. 5. Robustness of the control scheme to varying voltage references, with
increases occurring at t = 1.0 s and decreases at t = 1.5 s.
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Fig. 6. Robustness of the control scheme to varying ZIP loads, with changes
in electrical parameters occurring at t = 0.8 s, t = 1.2 s, and t = 1.6 s.

remains unaffected as it has not yet been integrated into the
network, demonstrating its capability for autonomous islanded
operation. This also explains the continued presence of the
signal from DGU 5 after its disconnection.

C. Case 3: Robustness to Varying Voltage References

This case examines the robustness of the proposed control
strategy in response to dynamic changes in voltage references.

At t = 0.5 s, DGUs 1-6 are interconnected to establish the
DCmG topology Ts. At t = 1.0 s, the voltage referencs are
modified as follows: U;; is increased to 50, U,z to 48, and
Uis to 49. Subsequently, at ¢ = 1.5 s, Ue is decreased to
45, Uy to 47, and Uyg to 46. Fig. 5(a) shows the PCC voltage
tracking signals, while Fig. 5(b) presents the associated control
inputs. These results confirm that the proposed control strategy
ensures voltage stability, demonstrating strong robustness in
managing dynamic reference changes.

D. Case 4: Robustness to Changing ZIP Loads

This case investigates the robustness of the proposed control
framework under dynamic changes in ZIP load parameters.

At t = 0.4 s, DGUs 1-6 are interconnected to form the
microgrid system Tg under the proposed local controllers. At
t=0.8s,t=12s,and t = 1.6 s, the electrical parameters
of ZIP loads (i.e., impedance, current, and power) are varied
within their predefined uncertainty ranges. The voltage track-
ing performance and corresponding control inputs are depicted
in Fig. 6(a) and (b). The results confirm that the proposed
control strategy maintains effective voltage regulation despite
load variations, highlighting its robustness under uncertain and
time-varying load conditions.

E. Case 5: Comparative Analysis With Existing Methods

To provide a comprehensive evaluation of the proposed
scalable voltage control strategy, comparative simulations are
conducted with three representative benchmark approaches:
1) the fully free matrix method (i.e., without structured con-
straints in designing the free-weight matrix M), 2) the SSF-
based scalable decentralized control approach developed in
[24], and 3) the neural network-based adaptive control from
[25]. The voltage tracking results are depicted in Fig. 7(a),
(b), and (c), respectively. During the initial system setup and
interconnection of DGUs 1-5, all methods maintain volt-
age regulation with varying accuracy. However, performance
disparities become evident during dynamic PnP operations.
The fully free matrix method fails to ensure stability upon
DGU integration and disconnection, resulting in large voltage
fluctuations and divergence. The approaches in [24] and [25]
maintain voltage stability but suffer from greater overshoot
and slower convergence than the proposed method shown in
Fig. 4(a).

To quantitatively support these observations, Table V
presents a comparative summary of convergence time and volt-
age overshoot for each operational condition. During plug-in
events, the proposed method achieves a minimum convergence
time of 0.2 s and limits voltage overshoot to 2.41%, demon-
strating superior transient performance. In contrast, during
plug-out operations, it exhibits even faster convergence, with a
response time as low as 0.1 s, while keeping voltage overshoot
within 14.5%. Moreover, unlike [24] and [25], which require
controller re-tuning or re-design upon topology changes, the
proposed method employs pre-designed local controllers that



TABLE V
QUANTITATIVE ANALYSIS BETWEEN THE PERFORMANCE OF THE PROPOSED METHOD AND THE EXISTING METHODS

Operation condition System initialization

DGUs 1-5 are interconnected

DGU 6 is plugged-in DGU 5 is plugged-out

& states

Convergence Voltage Convergence Voltage Convergence Voltage Convergence Voltage

Method speed overshoot speed overshoot speed overshoot speed overshoot
Fully free matrix method 0.3 168.96% 0.2 26.67% divergence - divergence -
Existing method [24] 1.9 182.67% 0.9 14.85% 2 14.76% 1 43.65
Existing method [25] 0.4 169.32% 0.7 4.58% 0.8 21.43% 0.5 99.78%
The proposed method 0.3 165.57% 0.2 4.5% 0.2 2.41% 0.1 14.5%
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Fig. 7. Comparative analysis with three representative benchmark approaches
under PnP operations.

remain valid regardless of network configuration. This feature
significantly reduces computational overhead and enhances
practical scalability.

Across all tested scenarios, the proposed strategy consis-
tently outperforms the benchmark methods in both dynamic
responsiveness and voltage regulation accuracy.

trol approach for uncertain DCmGs with ZIP loads, enabling
seamless PnP operations of DGUs. A unified polytopic DCmG
model was constructed to simultaneously capture parametric
uncertainties in DGUs, power lines, and ZIP loads. A SFWM
technique was introduced, resulting in less conservative LMI
conditions that are locally solvable. The proposed method
offers the following key strengths: (i) guaranteed robust sta-
bility under polytopic uncertainties, (ii) fully localized control
design independent of network topology, and (iii) plug-in/-out
operations without the need for control redesign or network
reconfiguration. These features were validated through com-
prehensive simulations, demonstrating faster convergence and
reduced voltage overshoot.

While this study focused on establishing a scalable
dissipativity-based framework, further sensitivity analyses
would provide deeper insights into robustness under uncer-
tainties. Future work will therefore investigate eigenvalue
trajectories, pole-zero maps, and phase margin variations under
different parameters, as well as robustness evaluations based
on H., norms.
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